Since the high efficiency discharge is critical to the radio-frequency ion thruster (RIT), a 2D axial symmetry hybrid model has been developed to study the plasma evolution of RIT. The fluid method and the drift energy correction of the electron energy distribution function (EEDF) are applied to the analysis of the RIT discharge. In the meantime, the PIC-MCC method is used to investigate the ion beam current extraction character for the plasma plume region. The beam current simulation results, with the hybrid model, agree well with the experimental results, and the error is lower than 11%, which shows the validity of the model. The further study shows there is an optimal ratio for the radio-frequency (RF) power and the beam current extraction power under the fixed RIT configuration. And the beam extraction efficiency will decrease when the discharge efficiency beyond a certain threshold (about 87 W). As the input parameters of the hybrid model are all the design values, it can be directly used to the optimum design for other kinds of RITs and radio-frequency ion sources.
Introduction
A radio-frequency ion thruster (RIT) is the extended application of the low pressure inductively coupled plasma (ICP) in space electric propulsion. Compared to the Kaufman ion thruster, the RIT, with the simple structure, uniform discharge and a wider variety of propellants, are more promising for the attitude and orbit control and major propulsion of the space science experiment satellite and micro-satellite. High-quality discharge is the prerequisite for the development of the high-performance RIT. And the RIT performance can be optimized by improving the discharge efficiency and discharge uniformity.
To achieve the optimal design of RIT, the discharge mechanism must be defined and the dependence between the engineering parameters and performance parameters should be mastered. In general, the ICP discharge depends on the RF power, discharge chamber geometry parameter, discharge reaction type and the coupling of the plasma and RF power. At present, the mainstream simulation models are the 0D analytic model [1] , the fluid model [2] [3] [4] [5] [6] [7] [8] [9] [10] , the PIC-MCC model [11, 12] and the hybrid model [4, [13] [14] [15] [16] . The 0D analytic model is simple and easy to implement, but it can only be used to solve the global variables. The fluid model is suitable to solve the multi-dimensions' discharge parameters, while the applicability (should be estimated according to Knudsen number [9] ) is limited at the low pressure. The dynamic model is the most accurate, except the time cost is high. Therefore, a lot of the complex hybrid model is proposed to solve the contradiction of the accuracy and the time cost. Now, the feasibility of the finite element fluid method for the simulations of RIT and ICP discharge has been validated [4] . And the research of ICP discharge with COMSOL Multiphysics® software has gradually come to the mainstream [4, 6, 7] . However, the present numerical models of RIT are chiefly used to the analysis of the specific ICP discharge and only pay attention to the main collision dynamic processes of the particles [17, 18] .
In this text, a detailed hybrid model for the discharge and beam extraction of the 40 cm diameter radio-frequency ion thruster (LRIT-40) of the Lanzhou Institute of Physics is developed. In section 2, the 2D axial symmetry hybrid model for LRIT-40 is introduced. In section 3, the operation characteristics of LRIT-40 with different RF power are calculated and analyzed, and the simulation results are compared to the experimental results. The conclusions will be presented in section 4.
The 2D axial symmetry hybrid model for the LRIT-40
The prototype and the 2D axial symmetry model of LRIT-40 are shown in figures 1(a) and (b), respectively. Due to its geometric rotational symmetry configuration, the 2D axial symmetry model can be adopted to simulate the discharge and beam current extraction physics of LRIT-40.
The pressure of the RIT discharge chamber is usually between 1 mTorr and 20 mTorr. Studies of Mikellides in the California Institute of Technology and Tsay in the Massachusetts Institute of Technology show that the collisions of ions and neutral atoms is the main collision mechanism for RIT. And the fluid model is applicable for the research of the RIT discharge as the continuum hypothesis is established in the plasma. The 2D axial symmetry model for LRIT-40 consists of the magnetic field coupling and plasma induced current model, inductively coupled discharge fluid model, neutral particle number conservation model, and the discharge energy conservation model. The 15 kinds of particle collision dynamic process (as seen in table 3), such as elastic collision, ionization, excitation and de-excitation are considered. Moreover, the wall recombination physics of Xe + and electron are also included as the truth. The discharge process of LRIT-40 is solved by the finite element method of COMSOL Multiphysics® software, while the extraction of beam current is calculated by the PIC-MCC method. 
The magnetic field coupling and plasma induced current model
The physical essence of the coupling of the RF coils energy to the plasma is the conversion of the energy. The energy absorption of the ICP is mainly in the skin layer. The electrons in the skin layer will acquire energy according to the local ohmic heating as the effect of collision. Then the neutral gas will be ionized by the high energy electrons collision and the sustained discharging maintenance. Because the ion mass is larger than the electron mass, the electrons will be driven easier by the RF field. Therefore, the inductive conduction current is mainly the electron current. The expression of conduction current is [19, 20] 
where n e is the plasma density, v eff is effective collision coefficient of electron, A θ is the angular component of magnetic vector potential, σ is the electric conductivity, m is the electron mass and e is the electron charge. The boundary conditions for the solving of magnetic vector potential are
The electrons velocity of the discharge plasma skin layer will exceed their thermal velocity when the RIT is operating. Here, the electron energy Maxwell distribution must contain the electron drift term. The electron energy distribution function (EEDF) with drift energy E D is written as [21] [22] [23] 
where T e is the plasma electron temperature, and k is Boltzmann constant.
The correction of EEDF with drift energy E D will affect the collision and excitation process of Xe propellant, and which must be added in the simulations.
Inductively coupled discharge fluid model
The discharge dynamic and surface dynamic processes are simple with Xe propellant for LRIT-40. The most important momentum conversion is from the collision processes, which can be embodied by the Krook operator. In the hybrid fluid model, the plasma is assumed to be the fluid. The fluid governing equations for LRIT-40 are ion continuity equation [24] 
Electron continuity equation [24] where ν in is the elastic scattering frequency of ion and neutral atom, α represents the different species of ions, ν θ is the angular average electron current velocity that driven by RF field. The boundary conditions for solving the electric potential are divided into two parts: plasma discharge electric potential and the ion optics grids system electric potential. For the discharge chamber, the wall potential is set to 0, the symmetry axis is the Neumann boundary, and the screen grid voltage is 1000 V. For the ion optics system, the upstream boundary is the sum of plasma potential and the screen grid voltage, the downstream boundary is set to 0, the grids are the absorption boundaries, and the others are the Neumann boundaries.
At the symmetry axis, the electron and ion are set to the Neumann boundaries. The screen grid for electrons is the absorption boundary. The electron density wall and energy wall boundaries of COMSOL are applied for the electrons. The screen grid for ions is the Neumann boundary. The walls for ions are the surface reactions boundary conditions.
The neutral particle number conservation model
The neutral particles are the global variable in the discharge process. The physics processes of neutral particles in LRIT-40 are the injection of propellant atom, wall recombination at the ceramic discharge chamber and non-open region of the grids, ionization and runaway. Thus, the neutral particle number conservation equation with all the above physical processes is where  m is the flow rate of propellant, Γ is the normal direction ions flux of the wall, f i is the transparency of ionic optical system, f 0 is neutral atom transparency of ionic optical system, A grid is the grids area, n 0 is the neutral gas density in the discharge chamber, u 0 the average thermal velocity of neutral atom and  n e is ionization rate of neutral atom.
The discharge energy conservation model
The energy conversion of LRIT-40 is composed RF energy absorption, ionization energy, excitation energy, energy loss at the wall recombination and the sheath. Therefore, the discharge energy equilibrium equation is where j eθ is the angular excitation current density of RF field, V i is the first ionization energy of Xe, V ex is the excitation energy of Xe, f sheath is the sheath potential and Γ wall is the electrons flux to the screen grid.
The input parameters
The input parameters are shown in tables 1 and 2, respectively.
Discussions of the simulation results

Numerical results of 2D axial symmetry LRIT-40 model
The simulation results of discharge plasma density, plasma temperature, plasma voltage, RF absorption power, and discharge steady time for LRIT-40 are obtained with the 2D axial symmetry fluid model. The input RF powers are 68 W, 73 W, 78 W, 83 W, 87 W, 91 W, and 96 W, respectively. The discharge plasma densities and power dissipation density with maximum and minimum RF power are plotted in figures 2-3. The discharge plasma temperature and voltage are shown in figure 4 . It should be pointed that both of the horizontal and vertical axes units are in millimeters.
In figure 2 (a), it shows that the maximum discharge plasma density is 4.49×10 17 m −3 when the RF power is 68 W. The maximum density locates at the central region of the discharge chamber and is close to the screen grid. In figure 2(b) , it is obvious that the maximum power dissipation density is 3×10 6 W m −3 with the RF power of 68 W. The maximum power absorption occurs at the region about r/3 (r is the radial of discharge chamber) distance to discharge chamber wall that is under the RF coils. This is also the skin layer of discharge plasma. The reason is that the inductive angular electric field E θ reaches the peak at the skin layer so that the driven electrons current j θ is also the maximum. In the inductive coupling discharge, the electrons are the major channel for the energy coupled. Moreover, the relation between the electric potential and electron temperature is j=5.78T e . And this is approximate to the theoretical analysis result of j=5.97T e , which shows the 2D simulation model is accurate.
From figures 2-3, it can be found that the plasma density rises linearly from 4.49×10 17 m −3 to 7.48×10 17 m −3 and the peak RF dissipation power increases linearly from 3×10 6 W m −3 to 5.1×10 6 W m −3 as the RF input power is of increment from 68 W to 96 W. But the peak distribution of the discharge plasma density and RF power dissipation density are constant as the input power increases. The evolution of the maximum discharge plasmas density and the power dissipation density as a function of the input powers are shown in figure 5 .
Under the steady discharge power, the simulation results of the upstream plasma density of the screen grid show that the peak density increases linearly as the input power rises. The numerical results of the upstream discharge plasma peak density of the screen grid are shown in figure 6 .
The simulation results of figure 4 indicate that the discharge plasma temperature and the plasma voltage are almost constant when the input power changes. And the plasma temperature is between 3.68-3.77 eV. The peak plasma temperature occurs in the low density but the high power dissipation region where the electrons are kinetic are the largest. The range of the discharge plasma voltage is about −0.05-21.4 V. The negative voltage of −0.05 V is the result of the ambipolar diffusion at the insulation discharge chamber wall. The relaxation time of LRIT-40 is at 10 −5 s order and is non-monotonic with the discharge power. The beam current extraction code for the double grids ion optics system with the PIC-MCC method is applied to the calculation of the beam current intensity of LRIT-40. As the upstream plasma density of the screen grid is obtained, the strength of the beam current with different input power will be calculated. The input parameters for simulations are consistent with the experiments. The thickness ratio, and aperture ratio of screen grid and acceleration grid, are 1:1.2 and 3:2, respectively. Both of the numbers of the screen and acceleration grids aperture are 139, and their grid gap is 1 mm.
As shown in figure 7(a) , the ignition discharge of the LRIT-40 is given. It can be seen that the ion beam current is evident. Comparison of the ion beam current of LRIT-40 from PIC-MCC numerical simulations and experiments are curved in figure 7(b) . Both of them increase with the increase of the input power. It is significant that the numerical results agree well with the experiment results. The errors between the experiment and simulation results are under 11%, and its minimum value is less than 5%. This result implies that the 2D axial symmetry fluid discharge model for RIT-40 is valid and the results are accurate.
It should be pointed out that the experiment results of the ion beam current are larger than the simulation results from figure 7(b) . The explanations are: (1) the truncation error is unavoidable in the numerical calculations; (2) the high voltage insulation between the screen grid and the acceleration grid will drop as the sustained operation of the thruster. Therefore, there is a weak leakage current (tens of μA) between the grids. But it is difficult to split the beam current and the leakage current in the actual measurement. Also, the tested beam current is the sum of the real beam current and the leakage current.
In addition, it is also found that the intercepted current of acceleration grid is in the order of nA∼μA when the input power is larger than 87 W in the simulations for LRIT-40. Furthermore, the intercepted current of acceleration grid will amplify as the increase of the RF power. The similar phenomenon is also found in the experiments. If the ion optics system stays the same, the flint of the grids will occur when the certain threshold of the RF power is exceeded. In this case, if we continue to increase the power, the thruster will stop working instantly. Hence, there is an optimal power range for the RF inductively coupled discharge at a given ion optics system so that the thruster efficiency is the best.
Conclusions
A 2D axial symmetry hybrid model for the RIT with 15 kinds of the particle dynamic processes of the Xe propellant and the electron energy drift correction of the EEDF is developed. Due to the complexity discharge and extraction physics of LRIT-40, the fluid method is used to the simulation of the discharge while the PIC-MCC method is applied to the calculation of the extraction of the ion beam current. The maximum error between the numerical results and the actual values acquired from the experiment test is lower than 11%, and the minimum error is 5%. This means that the hybrid model is accurate and effective. In the steady plasma discharge power, both of the test and simulation results show that the thruster performance (peak density and beam current intensity) increases with the increase of the input RF power. Besides, there is a best matching range of the discharge power and beam current extraction power for the RIT. When the discharge power is higher than a certain threshold, the discharge efficiency is high but the extraction performance decreases significantly. This will lead to the decline of the overall efficiency of the thruster. And this threshold depends on the different design and operation parameters. Take the LRIT-40, for example; the efficiency of the beam current extraction starts to drop when the discharge power is more than 87 W. Therefore, it provides a reliable way for the optimal design of the high efficiency and high performance RIT thruster.
